We analyze the implications of different welfare criteria on economic and population growth in the case of stochastic population change. Edgeworth (1925) argues that total utilitarianism leads to a lower economic performance and a larger population size than average utilitarianism. Following works show that while his intuition holds in a static framework, the result is unclear in a dynamic setting of endogenous growth. We show that if population dynamics is stochastic, Edgeworth's conjecture may or may not hold. In particular, which utilitarian criterion implies larger economic and population growth rates depends on the value of the inverse of the intertemporal elasticity of substitution, the features of the random process driving demographic change and the magnitude of the (linear) dilution coefficient. We also characterize the size of the range of parameter values supporting Edgeworth's conjecture; such a range is wide if the dilution parameter is large enough while it is particularly narrow (but still non-empty) if the parameter is small. 
Introduction
Different ways of defining the social welfare function have been proposed in the economic literature. Probably the most diffused approaches (at least in macroeconomic theory) are average and total (or classical) utilitarianism, respectively based on the so-called Millian and Benthamite criterion. The former says that social welfare coincides with per-capita utility while the latter that social welfare is the sum of individual utility across the population (per-capita utility multiplied by the population size, if agents are homogeneous). Several studies try to figure out how the way we define social welfare is going to affect the final outcome of the model, and in particular which criterion leads to faster economic and demographic growth. The issue is particularly popular in the optimal population size 1 literature, which wonders what is the optimal, or the most advantageous, number of lives in a population under given circumstances; the typical view on such a question is that the optimal population has to ensure the largest social welfare, and thus how social welfare is defined has clear implications on the possible answer. Edgeworth (1925) is the first to conjecture that the Benthamite criterion leads to a larger population size and a lower economic performance. Following studies (as Nerlove et al., 1982 and 1985) support his intuition: in a purely static context, the Benthamite principle implies larger population size and lower standards of living. The argument is simple: total utilitarianism allows for a substitutability between number of people and their individual wellbeing; since marginal utility is decreasing, to a large extent it is convenient to grow a larger population even if this may subtract resources from individual consumption. More recent analysis shows that in a dynamic framework of endogenous growth, the result is not so obvious: some works (Palivos and Yip, 1993; and Boucekkine and Fabbri, 2013) show that the Benthamite criterion leads to smaller population size and higher economic growth, while others (Razin and Yuen, 1995) demonstrate exactly the opposite 2 . Palivos and Yip (1993) analyze a canonical AK-type growth model where agents' utility depends both on consumption and fertility, and capital dilutes linearly with population growth. Boucekkine and Fabbri (2013) consider a similar model where fertility does not affect utility but is related to capital accumulation by a nonlinear dilution function. Razin and Yuen (1995) deal with a different framework where fertility affects (linearly) human capital accumulation and (nonlinearly) population growth, in order to stress the role of the quality-quantity trade-off of children. In Palivos and Yip (1993) , the direct effect of population growth on welfare is twofold since individuals gain utility from the number of children they have (i.e., fertility is an argument of the utility function) and this determines the size of the household (i.e., population size multiplies utility); in both Razin and Yuen (1995) and Boucekkine and Fabbri (2013) , population growth has a direct effect on welfare only through the latter channel.
In this paper we try to shed some light on the utilitarian trade-off in dynamic models of endogenous growth, and in particular we aim at reassessing Edgeworth's conjecture by extending the analysis to a stochastic context, since uncertainty about future population is an important aspect that has received only little attention so far. Demographic shocks, which may represent population booms, wars, catastrophic events, changes in immigration, family or health policies, are thought to have serious effects of macroeconomic variables, especially on growth rates (Robertson, 2002) . Even the United Nations (UN), which regularly publish the "World population prospects" (WPP), probably the projections most widely used by international organizations, governments and researchers for planning and monitoring activities, recognize the importance of demographic uncertainty for future world development. Indeed, since the first publication of the WPP three different (deterministic) scenario projections ("low", "medium" and "high") have been presented in order to emphasize the potential implications of uncertainty on world population; as a recognition of the dramatically increasing role of uncertainty in the current world of fixed resources with rising and aging population, in its latest versions the UN have recently introduced a formal stochastic component 3 in their predictions (UN, 2013) . Despite this compelling need to take into account demographic uncertainty, apart from some sporadic attempt 4 , the economic literature has remained silent on the topic, and no study However, their goals are quite different from ours, since they consider the implications of exogenous population growth on endogenous R&D (Strulik, 2005; and Bucci, 2008 ) and multi-sector growth (Marsiglio and La Torre, 2012a; Boucekkine et al., 2013) models.
3 From the 2010 revision, the UN Population Division has introduced probabilistic methods for projecting total fertility and thus total population growth. Specifically, the process used rely on Bayesian hierarchical models, and allow to distinguish countries according to the stage of the demographic transition they are currently facing (see Hafner and Mayer-Foulkes, 2013 , for a recent empirical analysis of the different phases of the demographic transition experienced by developed and less developed countries). Further details about the estimation and forecast techniques employed in the last 2012 revision of the WWP can be found in Raftery et al. (2013) . 4 On the theoretical side, see Robertson (2002) , and Marsiglio and La Torre (2012b), who use a comparative statics exercise and a stochastic optimization problem, respectively, to analyze a two-sector endogenous growth model subject to random demographic shocks (see also Smith, 2007 , who focuses on a one-sector growth model). On the empirical side, see Azomahou et has tried to relate the issue to the optimal population size problem. To the best of our knowledge, all the existing works, both in a static and dynamic framework, focus on the deterministic version of the problem, and uncertainty about population change is not taken into account. In this paper we try to fill this gap by adopting a simple approach allowing for analytical results. Specifically, we assume, as standard in growth theory, that the instantaneous utility function depends only on consumption (as in Razin and Yuen, 1995; Boucekkine and Fabbri, 2013) and we consider two different specifications of the model. In section 2, we first analyze a simple framework where population dynamics is completely exogenous (as in Strulik, 2005; Bucci, 2008 ; and Marsiglio and La Torre, 2012a) in order to obtain an obvious benchmark for the following analysis; this assumption thus allows us to evaluate only the implications of different utilitarian approaches on economic performance. We show that which utilitarian criterion leads to faster growth depends on two factors: the magnitude of the inverse of the intertemporal elasticity of substitution and the features of the (completely exogenous) random process driving population dynamics. The simplification is removed in section 3, where we endogenize the trend of population growth by assuming that capital accumulation is nonlinearly affected by demographic growth (as in Marsiglio, 2011; Boikos et al., 2013; and Boucekkine and Fabbri, 2013) . Thus, since population change is endogenously determined, we can evaluate also the effects of different utilitarian approaches on population size. We show that, also in this case, the magnitude of the intertemporal elasticity of substitution and the characteristics of the random process driving population dynamics affect the utilitarian trade-off; however, a third factor, that is the magnitude of the (linear) dilution coefficient, determines the overall result. We show that Edgeworth's conjecture may hold if certain parameter conditions are met, and through numerical simulations we assess how large is the range of parameter values allowing for such an outcome to occur. Section 4 as usual contains concluding remarks and proposes directions for future research.
Exogenous Population Growth
The model is a standard Ramsey-type (1928) model of optimal growth where the social planner seeks to maximize the welfare of the society subject to the economic and demographic constraints, choosing the consumption level, c(t), of the representative agent. The welfare is the infinite discounted sum of the product of the instantaneous utility function (assumed to be iso-elastic, u(c(t)) = c(t) 1−θ 1−θ , where θ > 0, = 1 is the inverse of the intertemporal elasticity of substitution) and the population size, N (t), weighted by the planner's degree of altruism. Demographic dynamics is stochastic and is driven by a geometric Brownian motion, as in Smith (2007) : dN (t) = nN (t)dt + N (t)σdW (t), where n > 0 is the drift and σ ≥ 0 the variance parameter, while dW (t) is the increment of a Wiener process. The economic constraint is given by the law of motion of capital 5 , K(t), which depends on the difference between net (of depreciation, δ) production (assumed to be linear in capital, with A being a scale parameter representing the total factor productivity) and consumption:
Given the initial conditions of capital and population, K(0) > 0 and N (0) > 0, respectively, the planner problem can be summarized as:
The term 1 − , where ∈ [0, 1], represents the degree of intratemporal altruism and depends on the number of individuals determining the same generation (the weight assigned by the planner to the size of future al. (2009) which assesses the spatial impact of demographic shocks on economic growth. 5 The notion of capital we adopt in the paper needs to be taken in a wide sense, encompassing physical (Palivos and Yip, 1993) , human (Razin and Yuen, 1995) or even natural (Marsiglio, 2011) capital. generations). This is different from the intertemporal altruism, represented by the rate of time preference, ρ, which depends on the discount rate applied to future population wellbeing 6 . Note that the value of drives the assumption we are making about the social welfare function (see Palivos and Yip, 1993; and Razin and Yuen, 1995) . In fact, if = 0 ( = 1) we are adopting a total (average) utilitarianism approach, and the welfare function is of the Benthamite (Millian) type. Define J(K(t), N (t)) as the maximum expected value associated with the stochastic optimization problem described above. The Hamilton-Jacobi-Bellman (HJB) equation is:
where subscripts denote partial derivatives of J with respect to the relevant variables of interest. Dropping the ts for clarity, differentiating (4) with respect to consumption gives:
which substituted back into (4) yields:
By applying the guess and verify method to the previous equation, it is possible to show that a closed form solution for the problem exists, provided that a certain parameter condition is met.
; then the HJB equation (6) has a solution given by:
where:
Moreover, the optimal path of consumption and capital are respectively:
where
The assumption in Proposition 1 is needed in order to ensure that the objective function is bounded, similarly to what happens in deterministic AK models to rule out explosive behavior. Equation (8) says that at equilibrium there exists a linear relationship between the optimal level of consumption and capital. This result is standard both in this stochastic optimization setup (Smith, 2007; Bucci et al., 2011) , and in the deterministic AK-type context (Rebelo, 1991; Boucekkine and Fabbri, 2013) . Note that the value function in Proposition 1 is consistent with that derived by Boucekkine and Fabbri (2013) . As in Smith (2007) , substituting the consumption function into equation (2) and applying Ito's lemma yields the equilibrium growth rate of (per-capita) capital, γ(t):
6 Both the intratemporal and intertemporal altruism parameters are related to future generations; the former measures the weight assigned by the planner to the size of future generations while the latter the weight assigned to the wellbeing of future generations.
Since in such a framework the growth rate of consumption and output is equal to the growth rate of capital, the previous expression represents also the economic growth rate; see equation (8) . Note that this is constant, apart from the randomness due to population change; as for any AK model, (the trend of) economic growth turns out to be positive if the total factor productivity is large enough (but not too large). We can now analyze the relationship between economic growth and the altruism parameter. By differantiating (10) with respect to , we get:
The previous expression shows that the impact of altruism on economic growth is determined by two distinct factors. The latter term, − n θ , represents what we may label 'deterministic effect', since it is directly related to the trend of population growth; such a factor is consistent with previous works (Palivos and Yip, 1993; Marsiglio and La Torre, 2012a), and it says that as long as population growth (its trend) is positive increases in the altruism parameter will decrease economic growth. The former term,
represents what we may refer to as 'uncertainty effect', since it mainly depends upon the volatility of population growth; to the best of our knowledge such an element has never been analyzed before, and it shows that increases in volatility will alternatively increase or decrease economic growth according to some parameter conditions. We note that the previous derivative will be positive if the uncertainty effect is positive and larger than the deterministic effect, that is
, otherwise it will be negative. This condition depends only on the features of the stochastic process driving population dynamics, that is on the ratio between its trend and variance. It is interesting to compare this result with the deterministic case, σ = 0. In fact, if population growth is completely deterministic, the uncertainty effect vanishes and the (negative) deterministic effect dominates; this implies that the previous condition is never met, and therefore the relationship between growth and altruism is monotonically decreasing. This confirms that in a deterministic setup of endogenous growth total utilitarianism leads to a higher growth rate (Palivos and Yip, 1993; Boucekkine and Fabbri, 2013; and Marsiglio and La Torre, 2012a), and thus no space is left for Edgeworth's conjecture. We have just shown the following result: Proposition 2. If population dynamics is stochastic, there exists a non-monotonic relationship between economic growth and the altruism parameter. If instead population growth is deterministic, such a relationship is monotonically decreasing.
More interesting is understanding which criterion leads to a larger growth rate when demography is random. By setting = 0 and = 1 in equation (10), we obtain respectively the Benthamite, γ B (t), and the Millian, γ M (t), growth rates:
If the deterministic result that total utilitarianism leads to faster growth is confirmed also in the case of stochastic population change, then we will have γ B (t) > γ M (t). By comparison, we can see that in order for this result to occur, we need that n σ 2 > 1 − θ, and in such a case, the economic growth rate under total utilitarianism will be larger. Two elements affect whether this condition holds or not: the value of the inverse of the intertemporal elasticity of substitution and the features of the random process driving population change. If θ > 1 then automatically γ B (t) > γ M (t). If θ < 1 then γ B (t) > γ M (t) only if the population trend to variance ratio is large enough; thus, in the case such a ratio is small the Benthamite criterion will lead to a smaller economic growth rate, as conjectured by Edgeworth (1925) . We can summarize this as follows: Proposition 3. If θ > 1, then the Benthamite criterion leads to a larger economic growth than the Millian principle. If θ < 1, then the Benthamite criterion leads to a faster (slower) growth than the Millian principle whenever
Proposition 3 shows that both a range of parameters under which Edgeworth's conjecture may and may not hold in a stochastic dynamic framework exist. If θ > 1 there are no possibilities for the Millian growth rate to be larger than the Benthamite one; if θ < 1, this could happen 7 . The intuition behind this type of relationship between the inverse of the intertemporal elasticity of substitution and Edgeworth's conjecture is related to the interplay between the consumption smoothing attitude, economic and population growth. Whenever the propensity to smooth consumption out is small (θ < 1 − n σ 2 ) events far in the future affect the consumption growth pattern strongly; thus a reduction in the weight of future generations (higher ) might more than offset the (potentially) negative uncertainty-induced effects related to demographic change (measured by n σ 2 ) increasing economic growth, and as a result average utilitarianism might lead to higher economic performance lending support to Edgeworth's claim 8 . Whenever the propensity to smooth consumption out is large (θ > 1 − n σ 2 ) such a counterbalancing effect is not possible thus there is no chance for average utilitarianism to increase economic growth.
Since Edgeworth's hypothesis might occur only if certain conditions are met, it may be worthwhile to test how large is the set of parameters supporting Edgeworth's intuition. Figure 1 shows how the condition identified in Proposition 3 varies for different values of θ and σ, for fixed value of n; the shaded area represents the set of parameter values where γ B (t) < γ M (t) while the unshaded area that where γ B (t) ≥ γ M (t). We set n = 0.02 as to represent the growth rate of population in industrialized countries, and we let θ and σ vary (θ varies between 0 and 1 which is the relevant interval; σ between 0 and 2 for the sake of simplicity). The figure shows that for any value of θ < 1, there exists a range of values for σ confirming Edgeworth's hypothesis; however, in order to ensure this, the variance of population change should be not too small. By changing the value of n it is possible to show that this conclusion is robust: in order for the Millian principle to imply a better economic performance than the Benthamite criterion, the variance parameter has to be large enough 9 .
Intuitively, these results are related to the source of non-monotonicity in the growth and altruism rela- 7 Thus the unity represents a critical value for the inverse of the intertemporal elasticity of substitution. We are aware of the fact that the θ > 1 case represents the empirically most plausible situation while the θ < 1 case is empirically less relevant. However, since the estimation of the size of θ is still controversial we do not enter the debate on the magnitude of this parameter here, and we consider all the possible values it might take in our analysis. Indeed, even if most of the empirical studies show that θ is larger than one (Hall, 1988) , some others show that it may even be smaller (Hansen and Singleton, 1983) . Also in theoretical works, the benchmark value of this parameter is thought to be greater than one (Barro and Sala-i-Martin, 2004); however in several works in the context of endogenous fertility (Marsiglio, 2011) or closed-form solutions of optimal growth models (Smith, 2006) , it is often set less than one as well. Moreover, on a technical note, if θ > 1 the problems turns out to be not well posed, since such a case violates one of the two boundary conditions, J(0, N ) = 0 and J(k, 0) = 0, which should supplement the HJB equation; notice that whenever θ > 1 the former condition is not met (since lim k→0 Ψk 1−θ N 1− = ∞) while whenever θ < 1 it is. We should thus restrict our analysis to the θ < 1 case (which is exactly the parametric restriction supporting our main results; see Proposition 3); however, as a matter of analytical scrupulousness, even the case θ > 1 is discussed in the paper. 8 Note that the population trend to variance ratio measures the impact of demographic change on economic growth, thus when n σ 2 increases (decreases) the propensity to smooth consumption out needs to get smaller (larger) in order for such a result to hold. This explains why in the deterministic case Edgeworth's conjecture cannot hold (see Proposition 2): when σ = 0, the intertemporal elasticity of substitution should get so small to become (unrealistically) negative in order for the Millian to exceed the Benthamite growth rate. 9 To the best of our knowledge, clear empirical estimates of the variance of population change are not present in the literature, and this is related to the widely diffused view that it may be changing over time and from country to country. Indeed, in population projections based upon Bayesian methods, as those developed by the UN, the variance parameter is generally assumed to be time dependent and related to the level of population growth, in order to distinguish between short run and long run trends which are associated to different phases of the demographic transition (UN, 2013). Recent results show that demographic uncertainty may lead to substantial differences in the estimates derived from a deterministic rather than a stochastic model (Raftery et al., 2009; UN, 2013) . This suggests that the variance of population change may be large enough, lending support to our conclusion that the Millian growth rate might be larger than the Benthamite growth rate. tionship. As previously discussed,
will be positive only if the uncertainty effect is strictly positive and larger than the deterministic effect. The above condition requiring the variance not to be small, basically ensures that the former effect is large enough to more than offset the latter (shaded area in the Figure 1 ). This means that the range of values supporting Edgeworth's hypothesis implies that the uncertainty effect dominates. In the alternative scenario, where the variance is small, as in the deterministic framework, the deterministic effect dominates and no space is left for Edgeworts' conjecture.
By comparing Proposition 2 and 3, it is clear that as long as population dynamics is deterministic, we know a priori what is the effect of adopting total rather than average altruism on economic growth (and that Edgeworth's hypothesis cannot occur); once uncertainty is taken into account, the result is no longer obvious. Indeed, according to the features of the random process and the magnitude of the intertemporal elasticity of substitution, a faster growth may be ensured by total or average altruism.
Endogenous Population Growth
Edgeworth's (1925) hypothesis concerns the effect of alternative utilitarian criteria on both the economic and population growth rates. Since we considered population dynamics to be completely exogenous in the previous section, we could just assess the former portion of his conjecture. In order to assess also the latter part, we need to endegenize the trend of population growth. In doing so and in order to maintain the same utility function traditionally considered in growth theory (depending only on consumption), we follow Boucekkine and Fabbri (2013) and assume that the relationship between population growth and capital accumulation is nonlinear 10 . This is to capture the fact that an inverted-U relationship between demographic and economic growth may exist (see Boucekkine et al., 2002) , as supported by empirical evidence (see Kelley and Schmidt, 1995 ; and recently, Boikos et al., 2013) . We thus modify the law of motion of capital as follows: K(t) = AK(t) − δK(t) − N (t)c(t) − φ(n(t))K(t), where φ(n(t)) = a 1 n(t) 2 + a 2 n(t) + a 3 is a nonlinear dilution function, with a 1 > 0, a 2 ∈ (−∞, 1) and a 3 > 0. Note that a 2 < 1 ensures that economic performance is positively (negatively) affected by population change for smaller (larger) values of the demographic growth 10 Boucekkine and Fabbri (2013) allow for the linkage between demographic growth and capital accumulation to take any form, specifying then such a relationship as being either linear or nonlinear. The nonlinear situation is the most interesting case which we analyze in detail in this section. The linear case is qualitatively not different from what we analyzed in the previous section, since when the dilution function is linear optimality will be given by corner solutions, thus the optimal population growth rate will be independent of the altruism parameter allowing to assess only one part of Edgeworth's conjecture (exactly as in our section 2). rate 11 . Now that the trend of population growth is endogenously determined by economic agents, the law of motion of population becomes: dN (t) = n(t)N (t)dt + N (t)σdW (t). Population change is still driven by a Brownian motion but its trend may change over time since it is a control variable. We shall refer to the trend of population growth as the fertility rate for the sake of simplicity, even if no fertility decisions are directly analyzed in the model 12 .
The stochastic optimization problem now reads as:
Similarly to what we showed in the exogenous population case, it is possible to obtain a closed form solution for the HJB equation associated to the previous problem.
; then the value function associated to the problem (11), (12) and (13) is:
Moreover, the optimal path of consumption and fertility are respectively:
The result is pretty similar to what we obtained in the case of exogenous population change: consumption is proportional to capital and the condition needed to rule out explosive paths is slightly different since now the trend of population growth is endogenously determined and we have introduced a nonlinear dilution term. Equation (16) shows that the fertility rate is constant and independent of the shocks affecting population dynamics; moreover it results to be positive if a 2 < θ− 1−θ , since a 2 can take any sign. Note that the fertility rate coincides with that derived by Boucekkine and Fabbri (2013) in a similar deterministic setup. Even if the randomness of population change is completely irrelevant for the determination of the optimal fertility rate, it affects the equilibrium economic growth rate which is given by the following expression:
11 The inverted-U relationship between demographic and economic growth holds for per-capita variables. Abstracting for a moment from the randomness of population change (i.e., setting σ = 0), the law of motion of per capita capital reads as: On the other hand, at high levels of the birth rate, a reduction in these rates can definitely contribute to boost per capita human capital accumulation and economic growth".
12 According to Nerlove and Raut's (1997) classification, our model should be labeled as a model of endogenous population change, rather than a model of endogenous fertility, since 'no decision-making mechanism is presupposed'.
The comments highlighted in the exogenous population case still apply in this framework, and the trend of the economic growth rate is positive if a certain condition on the total factor productivity holds. By differentiating (17) with respect to we can still identify the two terms discussed in the previous section:
The first term,
represents the uncertainty effect, and it perfectly coincides with that identified in the case of exogenous population growth. The second term, − 1 2 −θ θ(1−θ) n, represents the deterministic effect, which now does not have necessarily to be negative (because of the introduction of a nonlinear dilution function), and its sign depends on a certain parameter condition. However, since now the trend of population growth is optimally determined, there is a third term, [
] ∂n ∂ , which we may label 'fertility effect', measuring the impact of altruism on the endogenous fertility rate; also the direction of such an effect depends on a certain parametric restriction. For the same reasoning developed in the previous section, the growth rate is a non-monotonic function of the altruism parameter, however, also in the case of deterministic population change (σ = 0) the sign of the previous derivative is not clearly defined, because both the sign of the deterministic and the fertility effect are not unambiguously determined (and they both depend on the size of θ). About the relationship between fertility and altruism, since
, it is straightforward to see that this uniquely depends on the size of the inverse of the intertemporal elasticity of substitution: if θ > 1 fertility increases with altruism (total utilitarianism leads to smaller population size, n B < n M ) while if θ < 1 fertility decreases as altruism increases (total utilitarianism implies larger population size, n B > n M ). Note that only the latter case is consistent with Edgeworth's intuition.
In order to fully assess the utilitarian trade-off, we need to compare the Benthamite and the Millian economic growth rates, which read as follows:
By comparing such two rates, we can see that γ B (t) > γ M (t) only if a condition similar to that we obtained in the exogenous population case holds, namely
. By comparing these two conditions, we can see that while in the previous section the magnitude of the intertemporal elasticity of substitution was compared to the (exogenous) trend to variance ratio, now it is compared with a similar ratio whose numerator is endogenously determined by the choice of the fertility rate; such a ratio still depends on the exogenous features of the random process driving population change (i.e., its variance). Which criterion leads to a faster growth depends on the sign of µ (whether the linear dilution parameter, a 2 , is larger or smaller than a certain threshold, α ≡ 2θ(1−θ)−1 2(1−θ) 2 ), on the characteristics of the process driving population change (the magnitude of σ) and on the size of the inverse of the intertemporal elasticity of substitution (whether θ is larger or smaller than 1). It is thus possible to conclude the following: Proposition 5. Assume θ > 1; if a 2 ≤ α then the Benthamite criterion leads to a larger economic growth than the Millian principle while if a 2 > α this is true only if θ − 1 > µ σ 2 . Assume now θ < 1; if a 2 < α then the Benthamite criterion leads to a larger economic growth than the Millian principle whenever θ − 1 > µ σ 2 while if a 2 ≥ α this never holds.
Proposition 5 distinguishes among alternative scenarios for different parameter values. Equivalently, it could be stated in terms of the values of the linear dilution parameter. In the case a 2 < α, two outcomes are possible: if θ > 1 the Benthamite criterion will lead to a larger economic growth than the Millian principle, while if θ < 1 this will be the case only if also the condition θ − 1 > µ σ 2 is met. In the case a 2 = α; the Benthamite criterion will lead to a larger (smaller) economic growth than the Millian principle if θ > 1 (if θ < 1). In the last case, namely a 2 > α, the two possible outcomes are the following: if θ > 1 the Benthamite criterion will imply a larger economic growth than the Millian principle only if the condition θ − 1 > µ σ 2 is met while if θ < 1 this will never be the case. If we compare Proposition 5 with Proposition 3, we can see that the variety of possible scenarios is richer when the fertility rate is endogenously determined, since a further condition related to the magnitude of a 2 (due to the presence of the fertility effect), is needed to fully characterize the utilitarian trade-off.
Recalling that Edgeworth's conjecture states that total utilitarianism leads to a larger population size and a lower economic performance (that is, n B > n M and γ B (t) < γ M (t)), we can now check whether any parameter restriction supporting the claim exists. The Benthamite fertility rate turns out to be larger only in the case θ < 1; for such a range of the inverse of the intertemporal elasticity of substitution 13 , the Benthamite growth rate results to be smaller if a 2 ≥ α, or also in the case a 2 < α if the further condition θ − 1 < µ σ 2 is satisfied (see Proposition 5) . This means that Edgeworth's hypothesis can hold for any possible value of a 2 . We have just shown the following result:
Proposition 6. Assume θ < 1; then Edgeworth's conjecture will hold for these two alternative parameter specifications: (i) a 2 ≥ α; or (ii) a 2 < α and θ − 1 < µ σ 2 . An implication of Proposition 6 is that in the deterministic case (σ = 0), there is space for Edgewroth's intuition only if a 2 is sufficiently large (the case (i)), and this is related to the non-monotonic relationship between demographic and economic growth; as a 2 gets smaller, the randomness of population dynamics is needed to allow for Edgeworth's hypothesis to hold. Proposition 6 also confirms our previous finding that Edgeworth's conjecture is not compatible with values of the inverse of intertemporal elasticity of substitution larger than unity. In order to test whether the restrictions required by Proposition 6 are likely to occur for given parameter values, we can assess it graphically by plotting the two cases (i) and (ii) for different values of θ and a 2 . Since from the previous section, we saw that the variance of the population process has to be large enough in order to support Edgeworth's claim, we set σ = 0.5; we also set a 1 = 1 for the sake of simplicity. By changing the value of σ and a 1 , it is possible to show that the following conclusions are robust and the qualitative results do not differ substantially. Figure 2 shows that the range of values of θ and a 2 allowing for the restriction (i) to hold is quite wide (this is represented by the shaded area in the figure) ; the condition is not satisfied only if both the inverse of intertemporal elasticity of substitution and the linear dilution coefficient get too small. For any value of θ (and, equivalently, for any value of a 2 ) there exist a set of values of a 2 (of θ), satisfying the condition, and thus confirming Edgeworth's conjecture. Figure 3 shows the case (ii). 3(a) and 3(b) represent the first and second parameter restriction required by this second case, respectively; the shaded area show whenever the conditions θ − 1 < µ σ 2 (panel (a)) and a 2 < α (panel (b)) are satisfied while the unshaded area when they are not. The range of values of θ and a 2 where both the panels present shaded areas is that supporting Edgeworth's hypothesis. It should be clear that the shaded area in 3(b) is larger than the unshaded area in 3(a), and this implies that such a range of values is a non-empty set; however, by excluding the values leading to a negative fertility rate (that is excluding the values of a 2 > −1), this range is particularly narrow, since it requires both θ and a 2 to lie in tiny intervals 14 . By comparing Figures 2 and 3 , it is clear that Edgeworth's conjecture is more likely to occur in the case in which a 2 ≥ α; however, this is possible even in the case a 2 < α. 13 Note that exactly as in the previous section, Edgeworth's conjecture may be verified only in the case in which the inverse of the intertemporal elasticity of substitution is smaller than one. The intuition behind the relationship between θ and is similar to what discussed earlier related to the interplay between the consumption smoothing attitude and population growth (along with the associated uncertainty).
14 This can be illustrated through a specific example. Suppose a2 = −1.01 and θ = 0.5 (with σ = 0.5 and a1 = 1); then In the previous section we discussed how Edgeworth's conjecture may hold only when the uncertainty effect is strictly positive and larger than the (negative) deterministic effect. In this case, where population growth is endogenously determined, since the deterministic effect may also be positive or null and also the fertility effect plays a crucial role in determining the sign of the growth and altruism relationship, disentangling the net impact of each of these three terms on economic performance is more complex. Intuitively, cases (i) and (ii) represent the possible scenarios in which the total effect on economic growth is positive. In particular, case (i) depicts the parameter values ensuring that the positive uncertainty and fertility effects are larger than the (positive or negative) deterministic effect, while case (ii) those associated to a negligible deterministic effect and a positive uncertainty (fertility) effect larger than the negative fertility (uncertainty) effect. Differently from the results in previous section, if the rate of population growth is endogenously determined, even when demographic change is completely deterministic, it will be possible for Edgeworth's conjecture to occur. n B > n M , and both the conditions in (ii) are met, which implies that γ B (t) < γ M (t). From these values, as long as we slightly change θ or a2 or both, the result is maintained; as the variation gets larger it disappears.
Conclusion
This paper reassesses Edgeworth's (1925) conjecture, suggesting that the Benthamite criterion leads to a larger population size and a lower economic performance than the Millian criterion. In a static setup, it has been widely confirmed that Edgeworth's hypothesis is verified (Nerlove et al., 1982 and 1985) . In a dynamic framework of endogenous growth, the result is unclear: some works (Palivos and Yip, 1993; Boucekkine and Fabbri, 2013) show this is no longer the case, while others (Razin and Yuen, 1995) still confirm his intuition. We show that if population dynamics is stochastic, total utilitarianism may lead to higher or lower economic and population growth than average utilitarianism. What will be the result is determined by three factors: the magnitude of the inverse of the intertemporal elasticity of substitution (whether it is larger or smaller than 1), the features of the random process driving population dynamics (whether its variance is large or small enough) and the size of the linear dilution coefficient (whether it is larger or smaller than α). Therefore, in a dynamic framework with stochastic population change, Edgeworth's conjecture may hold if certain parameter conditions are met. In particular, for Edgeworth's conjecture to be verified, the inverse of the intertemporal elasticity of substitution has to be smaller than the unity, confirming that in the case it is larger than 1 there is no possibility for Edgeworth's conjecture to occur. By numerical simulations, we show that if the linear dilution coefficient is large enough there exists a wide range of parameters lending support to Edgeworth's hypothesis; if the linear dilution parameter is small such a range is particularly narrow, but it is still non-empty. Within this range of parameters, by moving from the Bethamite to the Millian social welfare function, even in a dynamic framework of endogenous growth, we could rise economic performance and at the same time lower demographic growth. Note that our results supporting Edgeworth's (1925) intuition have been derived in two alternative settings. We have first considered the most common setup in the economic literature, namely (per capita) capital dilutes linearly with the exogenously given population growth rate; then, we moved to the most interesting case where capital dilutes nonlinearly with demographic change and the rate of population growth is endogenously determined. In the former case, the presence of randomness in the evolution of demography is essential in order for the Benthamite economic growth rate to be smaller than the Millian one; in the latter case randomness is not necessary for observing both a larger population size and a lower economic performance under the Millian principle, but it clearly rises its likelihood by increasing the impact of the uncertainty effect on the growth and altruism relationship. This confirms that the occurrence of Edgeworth's conjecture is a concrete possibility, which does not strictly depend upon our model specification. In line with the projections of the UN (2013), this also suggests that uncertainty about the evolution of future population is an important factor to take into account in order to clearly assess the welfare implications of different economic and demographic policies. This calls for the need of further (empirical and theoretical) works in order to improve our understanding of how uncertainty affects economic and demographic (and even environmental) development.
Our results represent only a preliminary attempt to analyze the economic and demographic implications of uncertainty, thus cannot be considered exhaustive. In particular, the framework we analyzed, namely a canonical endogenous growth (AK type) model in which instantaneous utility depends only upon consumption, is an immediate starting point for such considerations, however it has some limitations. First of all, such a specification suggests the existence of a complex relationship between the inverse of the intertemporal elasticity of substitution and population growth; very little is known on the nature of such an interaction, thus further analysis is needed in order to shed some light on the reciprocal implications between the elasticity of intertemporal substitution and demographic change. Moreover, the results derived in such a framework suggest that Edweworth's conjecture may hold only in the empirically less plausible case in which the inverse of the intertemporal elasticity of subsitution is smaller than one; such a conclusion is likely to be due to the fact that we cannot distinguish between the relative risk aversion and the intertemporal elasticity of substitution coefficients, thus it might be worthwhile to consider a recursive utility formulation as in Epaulard and Pommeret (2003) in order to allow for such a differentiation. Finally, our model's specification is extremely simplistic, thus it is natural to wonder whether and how our results would differ in a more complex setup, as a multi-sector model; specifically, extending the analysis in order to consider a two sector model driven by human capital accumulation as in Robertson (2002) or an endogenous R&D model as in Bucci (2008) would allow to further clarify the mutual relationship between growth, (human) capital accumulation, demography and uncertainty. This is left for future studies.
